To acquire the ability to recognize and destroy virus and plasmid invaders, prokaryotic CRISPR-Cas systems capture fragments of DNA within the host CRISPR locus. Our results indicate that the process of adaptation by a Type II-A CRISPR-Cas system in Streptococcus thermophilus requires Cas1, Cas2, and Csn2. Surprisingly, we found that Cas9, previously identified as the nuclease responsible for ultimate invader destruction, is also essential for adaptation. Cas9 nuclease activity is dispensable for adaptation. In addition, our studies revealed extensive, unbiased acquisition of the selftargeting host genome sequence by the CRISPR-Cas system that is masked in the presence of active target destruction.
CRISPR-Cas systems provide prokaryotes with adaptive immunity against invaders such as viruses/phages and plasmids (Terns and Terns 2011; Barrangou and Marraffini 2014; Heler et al. 2014; van der Oost et al. 2014) . CRISPR-Cas systems target invaders using information stored in CRISPRs: loci that contain alternating units of an identical repeat (repeats) and short invader-derived sequences (spacers) (Fig. 1A) . CRISPR transcripts are processed to a battery of CRISPR RNAs (crRNAs) that each contains a unique invader guide sequence (and common repeat sequence). The crRNAs associate with Cas proteins to form effector complexes that recognize and degrade invading nucleic acids to effect immunity (Terns and Terns 2011; Barrangou and Marraffini 2014; Heler et al. 2014; van der Oost et al. 2014) . Diverse CRISPR-Cas systems are prevalent in bacteria and archaea and are categorized into three compositionally distinct groups (Types I-III), with multiple subtypes within each group (Haft et al. 2005; Makarova et al. 2011) .
The initial step of capturing short fragments of invasive DNA into CRISPR loci (''adaptation'' or ''spacer acquisition'') is the least understood aspect of the CRISPR immune pathway. Adaptation appears to be a rare event but generates subpopulations of organisms that can survive infection. It has been proposed that the mechanism involves identification of ''foreign'' sequences for incorporation into the CRISPR (Datsenko et al. 2012; Yosef et al. 2012; Diez-Villasenor et al. 2013; Nunez et al. 2014) , although host genome sequences have also been observed in CRISPRs at very low frequencies (Stern et al. 2010; Jiang et al. 2013; Paez-Espino et al. 2013) . Selection of invader DNA fragments (protospacers) by the adaptation machinery requires the presence of a short (3-to 7-base-pair [bp] ) neighboring motif called a protospaceradjacent motif (PAM) (Mojica et al. 2009; Shah et al. 2013; Heler et al. 2014) . Incorporation of each new spacer into a CRISPR locus is also accompanied by generation of a new repeat and occurs predominantly at the leader/ repeat junction (Barrangou et al. 2007; Deveau et al. 2008; Garneau et al. 2010; Datsenko et al. 2012; Erdmann and Garrett 2012; Swarts et al. 2012; Yosef et al. 2012; Diez-Villasenor et al. 2013; Li et al. 2014 ).
An important goal toward understanding CRISPR adaptation is identifying the proteins (Cas and non-Cas) responsible for novel spacer acquisition in CRISPR loci in diverse CRISPR-Cas systems. Genetic studies indicate that overexpression of Cas1 and Cas2-the only Cas proteins universal to all CRISPR-Cas systems-is sufficient to induce adaptation in the absence of other Cas proteins in Type I systems such as that found in Escherichia coli (Datsenko et al. 2012; Yosef et al. 2012; Diez-Villasenor et al. 2013; Nunez et al. 2014) .
Limited information is available regarding the transacting factors required for adaptation in Type II CRISPRCas systems (and no work has yet been done regarding adaptation in Type III systems). The three distinct Type II subtypes (Chylinski et al. 2014 ) each contain (1) three Cas proteins (Cas1, Cas2, and Cas9), (2) a trans-activating crRNA (tracrRNA) (Deltcheva et al. 2011) , and (3) the CRISPR array (Fig. 1A) . Interestingly, a fourth Cas protein is found in Type II-A (Csn2) and Type II-B (Cas4) systems but not Type II-C systems (Chylinski et al. 2014 ). Cas1 and Cas2 are presumed to be essential for adaptation in Type II systems, given their vital role in adaptation in Type I systems (Datsenko et al. 2012; Yosef et al. 2012; Diez-Villasenor et al. 2013; Nunez et al. 2014) . Genetic studies (cas gene disruptions) in Streptococcus thermophilus suggest a specific requirement for Csn2 in Type II-A adaptation (Barrangou et al. 2007 ). Expanded CRISPR loci were not observed in a csn2 disruption strain challenged by lytic phage infection (Barrangou et al. 2007 ). crRNA production (Carte et al. 2014 ) and invader defense (Barrangou et al. 2007) were unaffected in the csn2 disruption strain. Cas9 (common to Type II systems) has been found to function in crRNA biogenesis and accumulation (Deltcheva et al. 2011; Carte et al. 2014) and invader defense (Barrangou et al. 2007; Garneau et al. 2010) ; however, the potential role of Cas9 in adaptation has not been examined.
As the effector nuclease of Type II CRISPR-Cas systems, Cas9 (guided by a crRNA/tracrRNA duplex) cuts opposing strands of complementary invading DNA using two nuclease domains (RuvC and HNH) (Garneau et al. 2010; Gasiunas et al. 2012; Jinek et al. 2012) . The nuclease activity of the Cas9/guide RNA complex has been adapted as a powerful genome-editing tool in a variety of cell types and organisms (for review, see Terns and Terns 2014) . Mutation of the nuclease domains results in a catalytically defective form of Cas9 (dCas9) that has been applied to control gene expression as an RNAguided DNA-binding protein .
In this study, we examined adaptation by a Type II-A CRISPR-Cas system in S. thermophilus. We expressed increased levels of Cas1, Cas2, and Csn2 to attain levels of adaptation that were detectable without selection in populations of cells. We tested the role of all four Type II-A Cas proteins in adaptation and unexpectedly found that Cas9 (the effector nuclease) is also required for adaptation. The nuclease activity of Cas9 is not required for adaptation, and, in the absence of nuclease destruction of the targets of acquired sequences, we found that the host genome is targeted without discrimination (i.e., equivalently to an invader) by the CRISPR-Cas system.
Results and Discussion
Cas1, Cas2, and Csn2 are required for adaptation Adaptation (illustrated in Fig. 1A ) is rarely detected within prokaryotic populations under laboratory conditions (Barrangou et al. 2007; Deveau et al. 2008; Garneau et al. 2010) . We increased the frequency of adaptation by the Type II-A CRISPR-Cas system (CRISPR1) in S. thermophilus by increasing levels of Cas1, Cas2, and Csn2 (three proteins hypothesized to mediate adaptation). Adaptation events within the S. thermophilus population at CRISPR1 can be monitored by PCR amplification of the leaderproximal region (Fig. 1B , with primers at red arrows in A). Expansion of CRISPR1 (increase in the size of the PCR product by the unit length of the added spacer and repeat noted with asterisks in Fig. 1B ) was observed in a detectable fraction of the population of the wild-type strain containing the pCas1/Cas2/Csn2 plasmid but not an empty plasmid (Fig. 1B, lanes 1,2) , indicating that increasing expression of Cas1, Cas2, and Csn2 increases adaptation frequency. To assess whether all three proteins are required to observe adaptation, we systematically eliminated each one (Fig. 1B, lanes 3-5) . CRISPR expansion was observed only when all three Cas proteins were expressed (Fig. 1B) . Similar results were obtained for expression of the various combinations of Cas proteins in an S. thermophilus strain lacking endogenous cas1, cas2, and csn2 genes ( These results are the first direct genetic evidence indicating that Cas1, Cas2, and Csn2 each functions in CRISPR adaptation in Type II systems. Recent structural and biochemical studies on E. coli Type I-E system components suggest that Cas1 and Cas2 form an integrase-type complex that uses the nuclease active site of Cas1 to carry out spacer integration at CRISPRs (Datsenko et al. 2012; Yosef et al. 2012; Nunez et al. 2014 ). Csn2 proteins purified from diverse organisms form tetrameric ring-like structures that encircle and bind dsDNA, but no relevant enzymatic activities have yet been identified (Nam et al. 2011; van der Oost et al. 2014 ). Sequences at the junction of the leader and first repeat of the CRISPR direct the integration of new spacers in S. thermophilus CRISPR1 (Wei et al. 2015) . The Cas1/Cas2 complex (possibly in association with Csn2) may recognize the leader/repeat junction sequence element to mediate specific integration into CRISPRs at the leader end.
Cas9 is required for adaptation
Surprisingly, we also found that Cas9 plays a role in adaptation in the S. thermophilus Type II CRISPR-Cas system. Cas9 was previously found to be the nuclease responsible for invader DNA cleavage in Type II systems and was not expected to play a role in adaptation (Barrangou et al. 2007; Gasiunas et al. 2012; Jinek et al. 2012) . Previous studies examined adaptation by methods that required the invader nuclease function of Cas9 (e.g., survival of lytic phage or cleavage of exogenous plasmid) (Barrangou et al. 2007; Deveau et al. 2008; Garneau et al. 2010; Lopez-Sanchez et al. 2012; Paez-Espino et al. 2013 ) and therefore could not examine adaptation in the absence of Cas9. However, the assay used in this study (detection of adaptation by PCR amplification of the CRISPR locus in cell populations) does not require active defense.
We deleted cas9 from the genome and, surprisingly, found that the adaptation observed with Cas1/Cas2/Csn2 expression (Fig. 2C , lane 2) was lost in the absence of Cas9 (Fig. 2C , lane 4). Adaptation was rescued by expression of Cas9 from a plasmid (with native promoter) (Fig. 2C, lane  5) . Elimination and restoration of Cas9 protein expression in the deletion and plasmid rescue strains, respectively, was confirmed by Western analysis (Fig. 2A) . These results indicate that, surprisingly, Cas9 is important for acquisition of invader sequences as well as invader destruction.
Both adaptation and invader destruction depend on PAMs in Type I and Type II CRISPR-Cas systems (Mojica et al. 2009; Shah et al. 2013; Heler et al. 2014) . PAMs are important for initial protospacer selection in adaptation (in which the motifs are more specifically termed SAMs [spacer acquisition motifs]) and subsequent recognition of that protospacer sequence as the target for invader destruction (in which the motifs are more specifically termed TIMs [target interference motifs]) (Shah et al. 2013) . The PAM sequence required by a CRISPR-Cas system is not found in its CRISPR repeat sequence, thereby ensuring that when a sequence is incorporated into a CRISPR, the copy in the CRISPR of the host genome is not targeted for cleavage. Evidence indicates that the C-terminal domain of Cas9 interacts with the TIM in the context of the crRNA-containing invader targeting complex for Type II systems (Anders et al. 2014; Nishimasu et al. 2014; Sternberg et al. 2014) . Our findings suggest Cas9 as a likely SAM recognition factor in adaptation, providing the critical link that ensures that sequences selected for acquisition will be recognized and effectively silenced by the effector complex.
The RuvC-and HNH-based nuclease activities of Cas9 are not required for adaptation
In invader defense, Cas9 uses RuvC and HNH domains for target DNA cleavage (Gasiunas et al. 2012; Jinek et al. 2012) . Adaptation conceivably also involves dsDNA cleavages (to obtain the protospacer fragment from the invader and open the CRISPR for integration of the new spacer). To assess whether the ability to cleave DNA is important for Cas9 function in adaptation, we introduced nuclease domain mutations (Gasiunas et al. 2012; Jinek et al. 2012; Nishimasu et al. 2014) into Cas9 within pCas1/Cas2/Csn2/Cas9 (and refer to the mutant Cas9 D9A/H599A as dCas9 for catalytically defective Cas9) and expressed the construct in the S. thermophilus cas9 deletion strain. We confirmed that the mutant Cas9 protein is expressed ( Fig. 2A) and is defective in invader defense: The strain expressing the nuclease mutant fails to resist a S. thermophilus lytic phage that is effectively targeted in the presence of wild-type Cas9 (Fig. 2B) . However, we found that mutations in the RuvC and HNH domains did not disrupt adaptation (Fig. 2C, lanes  10-12) , indicating that the nuclease activity of Cas9 is not required for adaptation.
Moreover, when target destruction was blocked by elimination of Cas9 nuclease activity, spacer accumulation increased significantly. PCR analysis of the cultures indicates that almost all of the cells in the population have acquired at least one spacer: Very little of the product corresponding to the original unadapted CRISPR locus is observed in these cultures (Fig. 2C, lanes 10-12 are examples of three independent cultures). Furthermore, many cells acquired two, three, or more spacers, evidenced by the PCR products of increasing repeatspacer unit size (Fig. 2C, lanes 10-12) . In the presence of functional Cas9, any individual that has acquired a spacer targeting the plasmid (or the genome) is eventually expected to be lost from the population due to chloramphenicol selection against loss of the plasmid (or lethality of genome targeting). In the presence of nuclease-defective Cas9, however, individuals that have undergone adaptation can survive and acquire additional spacers. It is also possible that in the absence of nuclease activity, Cas9 becomes more available for its role in adaptation.
CRISPR1 acquires sequences from the genome as well as invader plasmid
We examined the origin and context of the new spacers that we had initially observed in the wild-type S. thermo- (Fig. 1B, lane 2) or dCas9 (right; cas9 deletion strain expressing dCas9 and Cas1/Cas2/Csn2) (C, lane 10). See Supplemental Tables S1 and S4 for details. One spacer matched the cas1 gene, which is present both on the plasmid and in the genome and was arbitrarily assigned to the plasmid.
philus cells expressing Cas1/Cas2/Csn2 (in the presence of functional Cas9 and active defense) (Fig. 1B, lane 2) . Of 37 unique spacers, 25 spacers (68%) were directed against the plasmid, and, interestingly, 12 spacers (32%) were from the S. thermophilus genome ( Fig. 2D ; Supplemental Table S1 ). (One spacer matched the cas1 gene, which is present both on the plasmid and in the genome and is arbitrarily assigned to the plasmid.) A PAM/SAM sequence is crucial for selection of an invader sequence for CRISPR incorporation (Mojica et al. 2009; Shah et al. 2013; Heler et al. 2014) , and, consistently, we found the predicted NNAGAAW PAM sequence (or a previously observed variation of this consensus motif) (Deveau et al. 2008; Garneau et al. 2010; Paez-Espino et al. 2013 ) present adjacent to each protospacer sequence in the source, whether it was the plasmid or the genome (Supplemental Tables S1, S2 ).
In our assay, both the genome-and plasmid-derived spacers acquired in the presence of functional Cas9 are expected to be lost from the population over time due to the deleterious effect of targeting either source. While we observed a significant extent of acquisition of spacers from the host genome, spacers from the genome are nonetheless distinctly underrepresented relative to those from the plasmid (Fig. 1B , lane 2; Supplemental Table S1 ). The S. thermophilus genome (;1.8 3 10 6 bp) represents ;100 times the DNA content of the plasmid within the cell (;1.8 3 10 4 bp when adjusted for plasmid copy number of approximately three) (Kok et al. 1984) . However, at the time point examined, more spacers found in the population are from the plasmid (68%) than from the genome (32%), suggesting active selection of plasmidderived spacers. Alternatively, the underrepresentation of spacers from the genome could reflect a greater penalty for targeting the host genome relative to an antibioticselected plasmid.
Notably, among the 25 plasmid-derived spacers, only one (4%) matched the cas1/cas2/csn2-coding region despite the fact that these genes comprise 37% of the plasmid sequence and contain 35% of the consensus (NNAGAAW) PAMs in the plasmid (Fig. 3, left panel) . The underrepresentation of cas1/cas2/csn2-matching spacers could reflect specific avoidance of the cas genes in the process of adaptation or the detrimental effect of genome-matching spacers in an active CRISPR-Cas system (as spacers matching the cas1/cas2/csn2-coding region of the plasmid would also target the endogenous cas1/cas2/csn2 genes present in the genome). To determine whether the presence of genome copies impacts the abundance of spacers against the cas genes on the plasmid, we examined the sequences of spacers acquired in the strain lacking the cas1/cas2/csn2 gene targets within the genome (cas1/cas2/csn2 deletion strain) (Fig. 1B, lane 8) . We found that the cas1/cas2/csn2 genes were targeted without bias in the absence of the genome copies: Ten (42%) of 24 plasmid spacers matched the cas1/cas2/csn2 genes (Fig. 3, right panel; Supplemental Table S3 ). The results provide further support that spacers targeting the genome (as opposed to the plasmid only) are more effectively lost from the population.
Elimination of Cas9 nuclease activity reveals extensive, unbiased acquisition of spacers from the genome Our findings indicate that spacers are acquired from the genome and lost from the population due to subsequent CRISPR-Cas targeting of the genome. To better determine the extent of genome spacer acquisition, we examined adaptation in the absence of target destruction. We sequenced 48 spacers from the cas9 deletion strain expressing dCas9 and Cas1/Cas2/Csn2 (Fig. 2C, lane  10) . Remarkably, we found that, in the absence of defense, the overwhelming majority of spacers were derived from the genome: Forty-six of the 48 spacers (96%) were derived from the S. thermophilus genome, and two spacers (4%) originated from the plasmid (Fig. 2D, right ; Supplemental Table S4 ). The distribution correlates well with the relative DNA content of the cell (99% genome and 1% plasmid), indicating that the host genome is targeted for spacer acquisition equivalently to the plasmid and that there is no significant bias for invader DNA in CRISPR-Cas adaptation by this system. PAM distribution in the presence of dCas9 is similar to that in the presence of wild-type Cas9 (Supplemental Table S5 ).
Self-targeting spacers are rarely observed at steady state in organisms with functioning CRISPR-Cas systems: Computational analysis of 23,550 spacers from 330 organisms found that 0.4% of all sequenced spacers were self-targeting (Stern et al. 2010) . Moreover, in a study of long-term lytic phage infection of S. thermophilus, only 0.04% of acquired spacers observed were found to match the host genome (Paez-Espino et al. 2013) . Some evidence indicates that invader sequences are actively selected and/or that genome sequences are actively avoided by CRISPR-Cas adaptation systems. In a Type I-E system in E. coli, spacers targeting plasmids were found to significantly outnumber genome-derived spacers even in the absence of CRISPR-Cas defense (Yosef et al. 2012; DiezVillasenor et al. 2013) . However, our analysis of a Type II-A system in S. thermophilus indicates that spacers are acquired from the genome more frequently than invader nucleic acid (in proportion to the relative cellular DNA content of each) and are eliminated from the population by subsequent CRISPR-Cas system targeting.
Our analysis of adaptation in S. thermophilus in the absence of defense unmasked a higher rate of ongoing adaptation (Fig. 2C, lanes 10-12) as well as extensive and unbiased genome sampling in this organism (Supplemental Table S4 ). Our results indicate that extensive acquisition of genome sequences occurs within populations and is normally undetected due to the lethal consequence of the event. Our findings provide strong evidence that some CRISPR-Cas systems provide prokaryotes with a bet-hedging strategy to survive nucleic acid invadersavailable DNA is randomly incorporated into the CRISPR locus, and the individuals that acquire genome targeting spacers die, but those that acquire invader targeting spacers gain a fitness advantage that can ensure survival. The lack of discrimination in spacer acquisition may illuminate the need for the low rate of adaptation generally observed among prokaryotic populations: avoiding loss of great numbers of the population due to acquisition of self-targeting spacers while providing for a rate of acquisition sufficient to ensure survival upon encountering a damaging invader.
Materials and methods
Strains and plasmids S. thermophilus DGCC7710 was kindly provided by Dr. Sylvain Moineau. The cas9 deletion and cas1/cas2/csn2 deletion strains were constructed using methods developed by Renye and Somkuti (2009) using plasmid pINTRS. Sequences of the CRISPR locus and deleted regions are shown in that Supplemental Material. S. thermophilus was maintained in M17 medium (Oxiod) supplemented with 0.5% lactose (LM17). S. thermophilus cultures were grown overnight at 37°and during the day (8 h) at 42°. E. coli Top10 (grown in Luria broth) was used for cloning and plasmid maintenance. For strains harboring pWAR228-derived plasmids (kindly provided by Dr. Michael Federle), chloramphenicol was supplemented at 10 mg/mL for E. coli, at 2 mg/mL in LM17 broth, and at 5 mg/mL in LM17 plates (1% agar) for S. thermophilus. Strains and plasmids used in this study are listed in Supplemental Table S6 .
DNA manipulation
Standard protocols were used for cloning. Phusion polymerase, restriction enzymes, and T4 DNA ligase were from New England Biolabs. Taq polymerase with Crimson Taq buffer (New England Biolabs) was used for colony PCR. Zymoclean gel DNA recovery kit (Zymo Research) was used for gel extraction. QIAprep Spin miniprep kit and QIAfilter plasmid midi kit (Qiagen) were used for plasmid preparations. DNA Clean and Concentrator-5 (Zymo Research) was used for concentrating plasmids.
Construction of plasmids
Plasmid pWAR228 was used as the backbone for plasmid constructions. The Ppgm promoter was PCR-amplified from plasmid pTRK882 (kindly provided by Dr. Todd Klaenhammer) (Duong et al. 2011) . The Cas1/Cas2/ Csn2-coding region adjacent to CRISPR1 was PCR-amplified from the S. thermophilus genome and linked to the Ppgm promoter via overlap PCR. The final PCR product was assembled onto pWAR228 to yield plasmid pCas1/Cas2/Csn2 via restriction digestion (XhoI and NotI sites) and ligation. Inverse PCR was used to delete each of the three cas genes on pCas1/Cas2/Csn2. To construct pCas1/Cas2/Csn2/Cas9, the Cas9 promoter and coding region were PCR-amplified from the S. thermophilus genome and assembled onto pCas1/Cas2/Csn2 via restriction digestion (using a XhoI site) and ligation to yield pCas1/Cas2/Csn2/Cas9. Active sites of Cas9 were mutagenized (D9A and H599A) via QuikChange PCR using pCas1/Cas2/Csn2/Cas9 as the template. Plasmid constructions were confirmed by sequencing and transformed into S. thermophilus via electroporation (Garneau et al. 2010) . Oligos used for cloning are listed in Supplemental Table S7 .
Population-based adaptation assay and spacer sequence analysis S. thermophilus cells harboring the indicated plasmids were grown in LM17 supplemented with 2 mg/mL chloramphenicol for 16 h. Cells from each strain were pelleted, resuspended in water by vortexing, and used as PCR templates. Primers matching the leader and the first spacer of CRISPR1 (Supplemental Table S7 ) were used for PCR amplification of CRISPR1. PCR products were run on 2% TAE-agarose gels, stained with ethidium bromide, and examined under UV light to assess CRISPR expansion. Gel bands were excised, purified, cloned into Topo vector using the Zero Blunt TOPO PCR cloning kit (Life Technology), and sequenced (Eurofins Genomics).
Western blotting
Wild-type S. thermophilus or S. thermophilus strains harboring the indicated plasmids were grown overnight. Cells were pelleted and lysed with a Mini-Beadbeater (Biospec Products). Thirty micrograms of total protein from each lysate was separated on a 10% SDS-PAGE gel and blotted onto a nitrocellulose membrane (Bio-Rad). Cas9 protein was detected using polyclonal chicken antibodies raised against Cas9 and HRP-conjugated donkey anti-chicken IgY (Gallus Immumotech).
Phage defense assay
An S. thermophilus cas9 deletion strain harboring pCas1/Cas2/Csn2/Cas9 was infected with lytic phage 2972. A surviving strain, which was confirmed to have obtained a phage-matching spacer in CRISPR1 (protospacer, AAATCAGTTTTTTGTTCAGAAACTTGTTCT; PAM, TTAGAAA), was allowed to lose the plasmid through passages on growth medium without antibiotics. The resulting strain (without the plasmid) was back-transformed with pCas1/Cas2/Csn2, pCas1/Cas2/Csn2/Cas9, or pCas1/Cas2/Csn2/dCas9 and tested for sensitivity to lytic phage 2972 as previously described (Barrangou et al. 2007 ).
